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Abstract
Research on active faults, their structure, physical properties, and fault behavior during an
earthquake cycle is important for the earthquake prediction. In this paper, we summarize the
results of our seismological analyses of shear-wave splitting and injection-induced earthquakes on
the basis of seismic observations at active faults. The shear-wave splitting observations performed
on the fracture zone of the ,*** Western Tottori, Japan, earthquake revealed the fracture distribu-
tion inside the fracture zone, causing about + anisotropy. We can detect the detailed fracture
distribution inside a fracture zone through shear-wave splitting observations with a dense (less than
several kilometers in interval) seismic array set on and along the fracture zone. The analysis of
earthquakes induced by water injection experiments at the Nojima fault, Japan, depicted that the
fracture zone is permeable and has a low coe$cient of friction immediately after the mainshock.
Long-term monitoring of clustered microearthquake activity at the Nojima fault revealed the
heterogeneity of crustal strength. We point out that we need to clearly deﬁne “fracture zone” for
each research background in discussions of fracture zones because the thickness of the fracture zone
varies depending on the research method.
Key words : fracture zone, physical property, fault behavior, shear-wave splitting, induced earth-
quak
+. Introduction
Research on active faults, as well as the physical
basis of earthquake generation itself, is important for
the earthquake prediction. Moreover, fault behavior
during an earthquake cycle should be understood in
detail. Sibson (+33,) proposed a model of fault behav-
ior called fault-valve action. The model predicts
variations in the physical properties of a fault (for
example, permeability and pore pressure) during an
earthquake cycle. However, time scale and ranges of
ﬂuctuations of physical properties are not described
in the model. Introducing a time axis and absolute
values of parameters into such a fault behavior
model would lead to an understanding of the com-
plete fault behavior.
A fault is sometimes illustrated as a single plane.
However, a fault has a fracture zone of a certain
thickness (we mention the thickness of a fracture
zone in Section .). The structure and physical prop-
erties of a fracture zone are important factors to
better understand the preparation and generation
processes of a large earthquake. The physical prop-
erties of a fracture zone to be considered are, for
example, seismic velocity, quality factor (Q-value),
coe$cient of friction, and permeability. We have
been performing seismological observations at ac-
tive faults, focusing on their structure and physical
properties, for the last several years. In this paper,
we summarize our seismological research at active
faults and point out an ambiguity in an important
*e-mail : tad@seis.nagoya-u.ac.jp (Furo-cho, Chikusa, Nagoya, Aichi .0.20*,, Japan)
      
Bull. Earthq. Res. Inst.
Univ. Tokyo
Vol. 12 ,**-	 pp. 011.

 67 

parameter, which is fault thickness.
,. Fracture distribution in the fracture zone
Fault-parallel fractures generated by shear fault-
ing during a mainshock are dominant inside the
fracture zone of an earthquake fault. The physical
properties of the fracture zone may be partly con-
trolled by such fractures. It is, therefore, important
to investigate the detailed fracture distribution in-
side the fracture zone to discuss the physical proper-
ties of a fault.
Fractures of shear fault origin can be detected
by shear-wave splitting analyses of the fracture zone
(Tadokoro et al., +333), which has been veriﬁed at the
Nojima fault, Japan and the North Anatolian fault,
Turkey (Tadokoro et al., +333 ; ,*** ; ,**, a). Shear-
wave splitting is also a useful tool for monitoring the
fault healing process (Tadokoro and Ando, ,**,). In
addition, shear-wave splitting observations with a
seismic array on and along a fracture zone can be
useful for detecting the detailed fracture distribution
inside the fracture zone. To verify this, we carried
out a temporary seismic observation in and around
the aftershock region of the ,*** Western Tottori,
Japan, earthquake (Tadokoro et al., ,**,b). As a
preliminary observation, we installed two seismic
stations (SSB and UNO in Fig. +) on the fracture zone.
The result of the shear-wave splitting analysis at the
two stations shows a bimodal distribution in the
polarization direction of faster shear-waves with av-
erages of N33+*0E and N+.3+/+E (Fig. , and Ta-
ble +). The former direction is parallel to the orienta-
tion of regional maximum horizontal compressional
stress (sH) in the study area (e.g., Tsukahara and
Kobayashi, +33+). This consistency shows that the
anisotropy is caused by cracks of tectonic stress
origin (stress-origin anisotropy), as proposed by
Crampin (+312 ; +321). The latter direction, on the
other hand, obviously di#ers from the orientation of
regional sH and is parallel to the strike of the after-
shock alignment, i.e., the fault strike, of the ,***
Western Tottori earthquake. This coincidence sug-
gests that the anisotropy has been caused by fault-
parallel shear fractures generated by mainshock
faulting (fault-origin anisotropy). We can infer the
locations of fault-origin anisotropic regions by
choosing the region where all of the ray paths of the
earthquakes with the fault-origin anisotropy pass.
Fig. +. Station distribution of our temporary seismic
observations (crosses). Epicenters are plotted on
the basis of the seismic catalog produced by Japan
Meteorological Agency (JMA). The star denotes
the epicenter of the ,*** Western Tottori earth-
quake determined by JMA.
Fig. ,. Rose diagrams showing the polarization
directions of faster shear-waves. The directions
colored black and gray correspond to the pola-
rization directions that are roughly parallel to the
fault strike and to the orientation of regional
maximum horizontal compressional stress (sH).
Table +. Result of shear-wave splitting analysis.
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The inferred anisotropic regions are shown in Fig. -.
The fractures of shear fault origin are distributed in
a particular region inside the fracture zone, and not
throughout the fracture zone. Note that the reliabil-
ity of the extent of anisotropic regions strongly de-
pends on the density of seismic station and/or the
hypocenters of earthquakes used for the analysis. In
the case of the present observation, the distance
between the two seismic stations on the fracture
zone is about 1km, and the extent of the anisotropic
regions is unclear. Therefore, Fig. - gives the mini-
mum extent of the anisotropic region. It is necessary
to carry out observations with a denser seismic array
with intervals of less than several kilometers to de-
tect a more detailed fracture distribution.
Shear-wave splitting observations are suitable
for deriving not only fracture orientations, but also
the degree of fracturing quantiﬁed by the coe$cient
of anisotropy. Assuming a ray path propagating in
the direction parallel to crack faces, the coe$cient of
anisotropy is approximately equivalent to Vsdt/l
(Leary et al., +33*), where Vs is the shear-wave veloc-
ity without anisotropy, dt is time di#erence between
the faster and slower shear-waves, l is the length of
ray path in the anisotropic medium. The averages of
dt for the earthquakes showing fault-origin anisot-
ropy are ++ms (SSB) and +3ms (UNO), as listed in
Table +. On the basis of the illustration in Fig. -, the
value of l is inferred at about /km for all anisotropic
regions. Substituting these values and Vs-./km/s
(Oike, +31/), the coe$cients of anisotropy in the fault-
origin anisotropic regions are estimated to be about
+. Note that the estimated coe$cient of anisotropy
here is a rough estimate, because it strongly depends
Fig. -. Schematic illustration showing the locations of fault-origin anisotropic regions. The shaded and dotted
portions are those estimated from analyses at SSB and UNO, respectively. Solid and open circles denote
earthquakes showing fault-origin and stress-origin anisotropy, respectively. Earthquakes colored black and
gray are used for the analyses at SSB and UNO, respectively. The star denotes the epicenter of the ,***
Western Tottori earthquake.
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on the length of the ray path in the anisotropic
regions.
-. Fracture zone depicted by seismological re-
search of the “Nojima Fault Zone Probe” pro-
ject
-. +. Physical properties of fracture zone de-
rived from water injection experiments
Three boreholes with depths of /**, 2**, and +2**
m were drilled at the Nojima fault after the +33/
Hyogo-ken Nanbu (Kobe), Japan, earthquake in the
“Nojima Fault Zone Probe” project (Ando, ,**+). Wa-
ter injections were repeatedly performed as a part of
the research subject of the Nojima Fault Zone Probe
using the +2**-m-deep borehole in +331 and ,*** (Shi-
mazaki et al., +332 ; Nishigami, ,**+). The purpose of
the repeated water injection experiment is to moni-
tor the fault-healing process and to detect ﬁne struc-
tures of the fault zone. Each water injection is sum-
marized in Table ,. The water was intermittently
injected to the borehole twice and three times in +331
and ,***, respectively. The total amounts of injected
water in +331 and ,***were ,/2m- and ./0m-, respec-
tively. In the +331 experiment, we maintained a
constant ﬂow rate during each injection period. In
the ,*** experiment, we controlled the ﬂow rate to
maintain constant values of pumping pressure.
We installed temporary seismic stations around
the injection hole, including the 2**-m-deep borehole
seismometer, to monitor seismicity changes (induced
earthquakes) accompanying the water injection ex-
periments (Fig. .). Fig. / shows cumulative curves
for earthquakes with S-P times of less than *./ s at
the 2**-m-deep borehole station. In the +331 experi-
ment, obvious increases in seismicity (,M+)
were observed at ./ days after the beginning of
each injection. We consider the increases in seismic-
ity to have been induced by the injected water. The
earthquakes occurred in the region about -km from
the injection point and at , to .km in depth (Tadok-
oro et al., ,***). We assume that the injected water
has di#used inside the permeable fault zone. Under
this assumption, the time interval between the begin-
ning of injection and the timing of an abrupt increase
in seismicity reﬂects the permeability of the fault
zone. Solving a di#usion equation, the intrinsic per-
meability of the Nojima fault zone in +331 is esti-
mated to be +*+.+*+- m, (for details, see Tadok-
oro et al., ,***). The values show that the Nojima
fault in +331 is more permeable than many other
areas (Brace, +32.). In the ,*** experiment, while
induced earthquakes were also observed at the same
region as the +331 experiment (Nagai et al., ,**+ ;
Tadokoro et al., ,**+), the induced seismicity started
01 days after the beginning of each injection. The
time interval is two days longer than that in +331.
The delay of two days implies a decrease in perme-
ability in the fault zone due to fault healing. Adopt-
ing the same procedure as the +331 experiment, the
permeability in the Nojima fault zone is estimated to
have decreased by ,*-* during the three years
(Tadokoro et al., ,**+).
A hydrofracturing test at a depth of +./km in the
+2**-m-deep borehole revealed that s+sH./ MPa
and s-sh-, MPa (Tsukahara et al., ,**+), where sh
is the minimum horizontal compressional stress. By
Table ,. Outline of the water injection experiments.
Fig. .. Map showing surface positions of the bore-
holes (denoted as /**m, 2**m, and +2**m) and
distribution of the temporary seismic stations (solid
circles ; A-E, S, and BH). BH denotes the 2**-m-deep
borehole. The star denotes the +2**-m-deep bore-
hole used for the water injections.
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simply extrapolating these values (e.g., Zoback and
Hickman, +32, ; Iio, +331), we estimate that s+22
MPa and s-0. MPa at -km in depth where the
induced earthquakes occurred. Substituting these
values into the equations representing the equilib-
rium of forces on a rupture plan and into the Cou-
lomb criterion for shear failure, we obtained a co-
e$cient of friction of less than *.- (for details, see
Tadokoro et al., ,***). The coe$cient of friction
obtained here is much smaller than those obtained
from laboratory experiments ranging from *./ to *.2
(e.g., Byerlee, +312 ; Dieterich, +32+). A low coe$cient
of friction has also been suggested for the San An-
dreas fault (Zoback et al., +321 ; Byerlee, +33,).
-. ,. Heterogeneity of crustal strength derived
from seismic activity
We observed not only the induced earthquakes
but also many natural earthquakes with the tempo-
rary seismic network mentioned in the previous sec-
tion. Some groups of microearthquakes show similar
waveforms (Fig. 0). The waveform similarity sug-
gests that their hypocenters are very close, that is,
they form an earthquake cluster. The clustered seis-
mic activities appeared among both the induced and
natural earthquakes. Most of the earthquake clus-
ters were formed within a few minutes to two hours.
For example, ,+ microearthquakes occurred in only
two minutes in the earthquake cluster shown in Fig.
0.
A cross-spectrum analysis using the waveforms
recorded at the +2**-m-deep borehole seismometer
shows a result that the S-P time di#erence in each
Fig. /. Cumulative curve for earthquakes with S-P times less than *./ s at the 2**-m-deep borehole seismometer.
The periods of water injection are indicated by shading.
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cluster ranges from - to ,*ms (Tadokoro et al., ,*** ;
,**+). These values show that the regions of clus-
tered seismic activity have sizes of ,*+/*m or more.
Fig. 1 shows the locations of earthquake clusters.
The earthquake clusters are composed of the induced
earthquakes concentrated in the same region as the
natural earthquakes (denoted by the circle in Fig. 1).
The coincidence in their occurrence region suggests
that this region can rupture with an extremely small
increase of shear stress or pore pressure. In other
words, the strength in this region is relatively low in
comparison to that of its surroundings. Taking ac-
count of successive ruptures of induced seismic ac-
tivity in the region, the low strength may be caused
by an extremely high crack density. The low
strength region sometimes ruptures under the inﬂ-
uence of localized stress concentration, then the clus-
tered natural earthquakes occur. On the other hand,
the pressured water injected during the present ex-
periments selectively induces clustered seismic ac-
tivity in this region.
.. Concluding remark
According to our research on the basis of the
seismic observations, the following methods or ob-
servations are e#ective for deriving the structure
and the physical properties of active faults :
Shear-wave splitting observation on the frac-
ture zone: Fracture distribution inside of fracture
zone
 Water injection experiment : Physical prop-
erties of fracture zone (e.g., permeability, and
coe$cient of friction)
 Long-term monitoring of clustered micro-
earthquake activity : Heterogeneity of crus-
tal strength
Fig. 0. Example of clustered seismic activity. (Left)
Continuous seismograms for one minute from ++ :
*. : ** (JST), February 0, ,***. Each earthquake is
indicated by an arrow. (Right) Enlarged U-D
component seismograms of eight earthquakes with
relatively large amplitudes among +- earthquakes
in the left ﬁgure. All the earthquakes have similar
waveforms.
Fig. 1. Map views and cross-sections showing the locations of earthquake clusters. The hypocenters of largest
earthquake in each cluster are plotted (solid circles). Earthquake clusters concentrated in the area denoted by
large circles.
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Observations of fault-zone trapped waves are
also e#ective for deriving thickness of fracture zone,
seismic velocity, and Q-value in fracture zones. Nev-
ertheless, we omit the description on the fault-zone
trapped wave in this paper because Mizuno (,**-)
summarized it.
The aspects of the fracture zone derived from
our research are summarized as follows:
 Fault-parallel fractures generated by shear
faulting during a mainshock prevail. The
fractures cause+ anisotropy, in the case
of the ,*** Western Tottori, Japan, earth-
quake.
 The above fractures are distributed in par-
ticular regions inside the fracture zone, and
not throughout it. We can detect the frac-
ture distribution inside a fracture zone by
means of shear-wave splitting observations
with a dense (less than several kilometers in
interval) seismic array set on and along the
fracture zone.
 The fracture zone is permeable and has a
low coe$cient of friction, less than *.-, im-
mediately after a large earthquake.
 The region of low strength, a weak region,
exists around the Nojima fault. Clustered
seismicity is repeatedly observed in the
weak regions. The size of each cluster is ,*
+/*m or more. Most of the clustered earth-
quakes are small, and seismometers installed
in boreholes are helpful to analyze them.
This is because the seismometers on the
Earth’s surface supply seismograms with an
extremely low signal-to-noise ratio.
For the purpose of understanding fault behavior
during an earthquake cycle completely, it is neces-
sary to monitor changes in the internal factors of a
fault, such as permeability, coe$cient of friction, and
pore pressure, as well as external factors such as
stress builed-up. A deep borehole drilled into the
fracture zone might be the most appropriate tool to
carry out monitoring.
A fracture zone is composed of central ultracata-
clasite layer, foliated zone, and damaged host rock, as
classiﬁed in the structural model of Chester et al.
(+33-) (Fig. 2). We also need to solve an important
problem: which portion in a fracture zone is e#ective
in stress build-up, and preparation and generation
processes for a large earthquake?
The thickness of the fracture zone varies de-
pending on the research method. For example, the
thickness of the fracture zone of the Nojima fault,
Japan, is estimated at ,*-*m from the fault-zone
trapped waves (Ito and Kuwahara, +33/ ; Nishigami et
al., +33/ ; Li et al., +332), 1*m (including the dam-
aged host rock) from the boring cores (Tanaka et al.,
,**+) and borehole results (Ito et al., +330), and several
hundred meters from shear-wave splitting (Tadok-
oro et al., +333). Geochemical research is also able to
characterize a fracture zone using di#erences in the
chemical compositions of ground water. The re-
search at the Atotsugawa fault, Japan, also revealed
a thickness of the fracture zone more than several
hundred meters, which is greater than that derived
from a geological investigation (Satake and Murata,
+332). The groundwater, as well as the shear-wave
splitting, is sensitive to the fractures, and the larger
value for the fracture zone thickness is reasonable.
Consequently, we need to clearly deﬁne fracture zone
in each research in discussions of fracture zones,
which will lead us to build a model of the fracture
zone structure that is consistent with all geophysical,
geological, and geochemical studies.
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